Environmental and economic impacts of fertilizer drawn forward osmosis and nanofiltration hybrid system by Kim, JE et al.
 
Environmental and economic impacts of fertilizer drawn forward osmosis 1 
and nanofiltration hybrid system 2 
Jung Eun Kima, Sherub Phuntshoa*, Laura Cheklia, Seungkwan Hongb, Noreddine Ghaffourc, 3 
TorOve Leiknesc, Joon Yong Choid, Ho Kyong Shona* 4 
a Centre for Technology in Water and Wastewater, School of Civil and Environmental 5 
Engineering, University of Technology, Sydney (UTS), Broadway, NSW 2007, Australia 6 
b School of Civil, Environmental & Architectural Engineering, Korea University, 1, 5-ka, 7 
Anam-Dong, Sungbuk-Gu, Seoul 136-713, Republic of Korea 8 
c King Abdullah University of Science and Technology (KAUST), Water Desalination and 9 
Reuse Center (WDRC), Biological and Environmental Sciences & Engineering Division 10 
(BESE), Thuwal, 23955-6900, Saudi Arabia 11 
d Hyorim Industries Inc., Yatap-dong, Bundang-gu, Seongnam-city, 513-2, Gyeonggi-do, 12 










































Research highlights 1 
 2 
• Environmental impacts of the FDFO-NF(TFC) hybrid system can be lower than RO 3 
hybrid systems 4 
• The FDFO-NF hybrid system consumes 21% less energy than the UF-RO hybrid system 5 
• The unit OPEX cost of FDFO-NF (TFC) system is 14% lower than UF-RO hybrid system 6 
• Improving flux and lowering the cost of the CTA FO membrane can make the FDFO-NF 7 





Abstract  1 
 Environmental and economic impacts of the fertilizer drawn forward osmosis (FDFO) 2 
and nanofiltration (NF) hybrid system were conducted and compared with conventional 3 
reverse osmosis (RO) hybrid scenarios using microfiltration (MF) or ultrafiltration (UF) as a 4 
pre-treatment process. The results showed that the FDFO-NF hybrid system using thin film 5 
composite forward osmosis (TFC) FO membrane has less environmental impact than 6 
conventional RO hybrid systems due to lower consumption of energy and cleaning chemicals. 7 
The energy requirement for the treatment of mine impaired water by the FDFO-NF hybrid 8 
system was 1.08 kWh/m3, which is 13.6% less energy than an MF-RO and 21% less than UF-9 
RO under similar initial feed solution. In a closed-loop system, the FDFO-NF hybrid system 10 
using a TFC FO membrane with an optimum NF recovery rate of 84% had the lowest unit 11 
operating expenditure of AUD $0.41/m3. Besides, given the current relatively high price and 12 
low flux performance of the cellulose triacetate and TFC FO membranes, the FDFO-NF 13 
hybrid system still holds opportunities to reduce operating expenditure further. Optimizing 14 
NF recovery rates and improving the water flux of the membrane would decrease the unit 15 
OPEX costs, although the TFC FO membrane would be less sensitive to this effect. 16 
 17 
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1. Introduction  1 
Agricultural sectors consume up to 60-75% of Australia’s total fresh water, mainly in the 2 
form of irrigation to grow food [1]. However, the scarcity of fresh water is a major issue in 3 
many regions. During drought, the limited available fresh water is prioritized for domestic 4 
consumption, leaving agriculture among the most affected sectors. Creating new water 5 
resources, by recycling, desalinating and reusing water, for example, should be one of the 6 
strategies in a sustainable integrated water management plan. 7 
 Coal seam gas and underground coal mining activities produce large volumes of 8 
saline groundwater. Despite meeting progressively more stringent discharge standards, proper 9 
treatment, management and disposal remain a significant challenge for the coal industry [2]. 10 
Currently, this water is simply treated and disposed into the environment; however, with 11 
better treatment, mine impaired water could become a valuable resource for irrigation in dry 12 
regions or during the drought seasons. Salinity is the biggest obstacle to make this idea a 13 
viable commercial reality. Reverse osmosis (RO) is currently the most efficient desalination 14 
technology, but it is expensive and highly energy intensive, and this makes desalination for 15 
irrigation commercially unviable [3-5]. 16 
 Among several recent innovations in desalination technologies, forward osmosis (FO) 17 
has emerged as a promising candidate for various applications, including irrigation [6]. 18 
Fertilizer drawn forward osmosis (FDFO), which uses fertilizers as its draw solution (DS), 19 
has shown potentially lower additional energy consumption and the diluted DS, containing 20 
fertilizer nutrients, can be used as non-potable water for the irrigation of crops [7].  21 
 In a recent study, Phuntsho, et al. [7] reported that although using the FDFO process 22 
alone would be ideal, the final dilution of the fertilizer DS is limited by its osmotic 23 
equilibrium with the feed salinity or osmotic pressure. When the feed has higher salinity, the 24 





the concentration level generally required for direct irrigation [8]. Among several options 1 
studied, nanofiltration (NF) has been suggested as one of the most suitable post-treatment 2 
processes to reduce fertilizer concentration for direct fertigation, and an FDFO-NF hybrid 3 
system has recently been studied both in the laboratory and at pilot scale [9, 10]. 4 
 The pilot study was carried out using a 1000-4000 L/d capacity FDFO-NF 5 
desalination system at Centennial Coal’s Newstan colliery in Fassifern, New South Wales for 6 
six months [3]. The pilot-scale FDFO-NF process was composed of two spiral wound FO 7 
membrane modules and one spiral wound NF membrane module. Flow rates, pressures, and 8 
electrical conductivity meters were installed at both the inlet and outlet of the membrane 9 
module. All the sensors were connected to a computer and thus collecting the data 10 
automatically. Detailed information about the design and control of the FDFO-NF system are 11 
described in our previous studies [11, 12]. This study revealed that the technology was robust 12 
with the potential to produce nutrient rich irrigation water to support the surrounding farming 13 
industry. However, FDFO-NF hybrid desalination is a new technology and, therefore 14 
environmental and economic life cycle assessment (LCA) is essential to understand its 15 
comparative advantages with existing desalination technologies such as RO hybrid systems.  16 
 The main objective of this work was, therefore, to conduct an environmental and 17 
economic LCA that compares the FDFO-NF hybrid system with two conventional RO hybrid 18 
systems in the desalination of mine impaired saline groundwater. It has to be acknowledged 19 
that for an economic life cycle assessment of the FDFO-NF hybrid process only operating 20 
expenditure was considered due to the system boundary limitation of the current LCA study. 21 
Conventional RO hybrid systems use microfiltration (MF) and ultrafiltration (UF) as a pre-22 
treatment process and are termed here as MF-RO and UF-RO hybrid systems, respectively. 23 





economic analysis of the FDFO-NF hybrid process for irrigation through reuse of coal mine 1 
impaired water.  2 
 3 
2. Materials and methods 4 
2.1. Life cycle assessment of hybrid desalination systems 5 
 The LCA framework used for this study is described elsewhere [13-15]. A standard 6 
LCA generally consists of four stages; goal and scope definitions, life cycle inventory 7 
analysis (LCI), life cycle impact assessment, and interpretation. The first three stages are 8 
briefly described in this section. The last stage, interpretation, is discussed in Section 3. 9 
 Three hybrid desalination systems were chosen for comparison: MF-RO, UF-RO, and 10 
FDFO-NF. FDFO-NF is further divided into two groups, namely FDFO-NF (CTA) which 11 
uses cellulose triacetate (CTA) membrane and FDFO-NF (TFC) which uses a thin film 12 
composite (TFC) membrane for the forward osmosis process. Fig. 1 shows the system 13 
boundaries under which the LCA was carried out for the desalination of coal mine impaired 14 
water. It has to be acknowledged that the data obtained in our previous pilot-scale FDFO-NF 15 
hybrid system study was used as the basis for this LCA study. Nevertheless, there were some 16 
challenges to incorporate all the operating data for this LCA study. In fact, the main objective 17 
of the previous study was to prove technical feasibility of the FDFO-NF process including 18 
cleaning strategies for the desalination of saline water produced during coal mining activities. 19 
Therefore, the life cycle analysis of all the hybrid system was conducted by assuming and 20 
adopting full-scale operating conditions from the previous LCA studies [13, 14, 16-18]. The 21 







Fig. 1. Boundaries of the coal mine impaired water desalination system for all hybrid systems – 
life cycle inventory (LCI) for environmental and economic impact assessment. 
 1 
2.1.1.  Life cycle inventory (LCI) analysis 2 
 To collect the primary data for each hybrid system, an inventory analysis was carried 3 
out using the Ecoinvent LCA database version 3.0 and the Australian LCA database, Simapro 4 
version 8.1 [19-21]. Simapro LCA is one of the most widely used software tools. It includes 5 
impact assessment methods and several representative databases such as the Australian LCA 6 
database. Several common considerations for LCA for all hybrid systems are summarized as 7 
follows: 8 
 In cases where no specific database for the production of materials and their quantities 9 
could be found in the Australian LCA database, information from the closest found 10 
database, Eco-invent, was used for the LCI. 11 
 The types of materials used for MF, UF, NF and RO membranes applicable to this study 12 
and the total weight of materials for each membrane module were adopted from published 13 

























 One of the most challenging parts of the operation phase is simplifying the membrane 1 
manufacturing procedure, including the consumption and production of the specific 2 
resources. All process data related to this procedure, including the covering membrane, 3 
spacer, membrane housing, collection tube, and glue, were available in previous studies 4 
[13, 14, 17]. 5 
 The electricity production model is based on the Australian mix electricity data in the 6 
Simapro Australian LCI database. It consists of approximately 70% coal, 14% natural gas 7 
with remaining 16% derived from several sources, including renewable energy sources 8 
[18]. The cost of electricity was calculated at AUD $0.29/kWh in New South Wales, 9 
Australia [24]. 10 
 The LCA in the chemical phase is based on previous studies which include the most 11 
commonly used cleaning chemicals and scale inhibitors for each membrane process (UF, 12 
MF, RO, FO and NF). However the chemical transport component has been excluded, 13 
since transportation conditions are the same in all cases [25].  14 
 It has to be noted that the feed water quality influences the fouling propensity. In this 15 
study, as shown in Table S1 in the Supplementary Information (SI), the concentration of 16 
the feed water was assumed to be 2,491 mg/L total dissolved solids (≈ 2,500 mg/L TDS). 17 
Based on this feed water quality, the frequency of chemical cleaning for RO hybrid 18 
systems for this study was adopted from [13, 26]. 19 
 Economic and environmental impacts of brine disposal may lead to different LCA results. 20 
However, as mentioned earlier, we conducted the pilot-scale FDFO-NF study at one of 21 
the coal mine site in Australia [3]. Since there is an available wastewater treatment plant 22 
(WTP) to treat mine impaired water, FO and RO brines as well as chemical cleaning 23 
wastewater can be directly transported to the WTP. For this reason, the current study did 24 





 The issues on forward and reverse salt flux and thus accumulation of ammonia and feed 1 
water constituents in the feed and draw solutions, respectively, could have significant 2 
environmental and economic impacts [3]. However, such issues were not considered in 3 
the current study as the scope of this study was first to evaluate comparative advantages 4 
of the FDFO-NF system, but the results obtained through the current study will be used as 5 
the basis for future comprehensive analyses.  6 
 The construction and decommissioning phases of the plant were not accounted for this 7 
study due to its long life span, and given that similar conditions apply to all the three 8 
hybrid systems [25].  9 
 The water quality for all hybrid systems was assumed based on the characterization of 10 
feed, diluted fertilizer, and final product water as shown in Table S1 in the SI, which was 11 
around 2,500 mg/L TDS, 7,600 mg/L TDS, and less than 1,000 mg/L TDS (irrigation 12 
purpose [3]), respectively. 13 
 Plant capacity in the LCA was set for the production of 100,000 m3 of reusable water, and 14 
this figure was used for all hybrid systems. All materials and energy inputs were 15 
determined and normalized based on the functional unit [14]. Operational phase of life 16 
cycle inventories for all hybrid processes is therefore shown in Table S5 in the SI. 17 
 The LCA study was conducted by focusing on the operational phases (i.e., chemical, 18 
membrane and energy consumption). The unit operating expenditure (OPEX, AUD $/m3) 19 
was calculated on an annual basis [13].  20 
 Due to the system boundary limitation of the current study, the capital expenditure 21 
(CAPEX) was excluded from the current LCA study.  22 
 Membrane costs were based on the market price for 8040 RO modules at AUD $1,250 23 





assumed to be same as the RO module since it was recently demonstrated that cost of FO 1 
modules could be reduced in the future [28]. 2 
 3 
2.1.2.  Methodology of life cycle impact assessment  4 
 Life cycle impact assessment (LCIA) is the third stage of the LCA. It aims at 5 
comparing the individual indicators calculated from the inventory analysis to contribute to the 6 
evaluation of the overall potential impacts of the system [29].   7 
 In this study, the environmental impact assessment was performed using the 8 
Australian indicator set v.3.01. This set includes six relevant impact assessment categories, as 9 
shown in Table S2 of the SI. They are global warming (GW), fossil fuel and mineral resource 10 
(FMR), eutrophication (EP), human toxicity (HT), ozone depletion (OD), and ecotoxicity 11 
(ET). Each category was assessed for the three most important operational components (Fig. 12 
1): membranes, electricity, and chemicals.  13 
 In addition, the economic assessment considered the annual OPEX cost for three 14 
components: membrane replacement (MR), energy (EC), and membrane cleaning chemicals 15 
(CC). The operating costs for personnel were omitted on the assumption that they would be 16 
similar in all the cases. The OPEX data for the conventional RO and NF processes were 17 
calculated from secondary data (input data) from the literature [26, 30] and were adopted to 18 
estimate the total OPEX costs. 19 
 20 
2.2. Sensitivity analysis 21 
 The reliability of LCA results is highly dependent on the chosen database due to a 22 
large number of input parameters. For instance, manufacturing membrane modules requires 23 
resources to produce membranes, spacers, housing, collection tubes and adhesives, and this 24 





environmental and economic LCA outcomes. For this reason, the input and output amounts 1 
for the FDFO-NF hybrid system within the life cycle inventory were evaluated and compared 2 
using a sensitivity analysis that focused on the FO membrane module average water flux 3 
(Lm-2h-1, LMH) and the FO module cost variations. For the sensitivity analysis with different 4 
module average fluxes, the experimental flux data was adopted from the field study of the 5 
FDFO-NF process to demonstrate how performances of currently available FO membranes 6 
affect the LCA results and were then compared with other conditions including the newly 7 
developed FO membranes. 8 
 One of the most important parameters in the FDFO-NF hybrid system, especially in a 9 
closed-loop system, is the NF recovery rate because it relates to both NF energy consumption 10 
and the FO membrane replacement cost (i.e., FO process performance in terms of the average 11 
water flux). Performing NF at higher recovery rates increases the inlet DS concentration 12 
(osmotic driving force) and hence reduces the membrane area required; however, it also 13 
increases the operating cost (i.e., NF energy cost). Therefore, to make the FDFO-NF hybrid 14 
system cost effective, an optimum NF recovery rate is pivotal. Therefore, the sensitivity 15 
analysis on the NF process was also conducted at varying NF recovery rates in the closed-16 
loop FDFO-NF hybrid system.  17 
 The parameters used in the sensitivity analysis are summarized in Table 1. All 18 
equations are described in Table S3, and the input data are presented in Table S4 in the SI. 19 
 20 
Table 1 Parameters included in the sensitivity analysis.  21 
Parameters varied for the sensitivity analysis Description of the change of parameter 
1. Variation of the module average water flux (Jw) 
 Experimental data – Long-term pilot 
operation of the FDFO process [3]  
 Jw, CTA-1: 3 LMH 
 J w, TFC-1: 10 LMH 
 Module-scale simulation using currently 
available FO flux modelling [31, 32]a,b 
 J w, CTA-2: 8 LMH 
 J w, TFC-2: 20 LMH 
 FO flux data adapted from literature    J w, CTA-3: 5.7 LMH  [13] 
 J w, TFC-3: 11 LMH  [31] 
 Newly developed FO membranes [33]  J w, CTA-4: 25 LMH 





2. FO module cost 
 Assumption of FO module cost  AUD $200-1,500/module  
3. Post-treatment process 
 NF process recovery rate 
 At all fixed conditions, only the NF 
recovery rate varied from 50% to 97% 
under a continuous closed-loop FDFO-
NF hybrid system using a simple mass-
balance relation. 
a The parameter values used for FDFO process simulation using both FO membrane modules (CTA and TFC) 1 
are shown in Table S4 in the SI. 2 
b Validation of experimental water flux and predicted water flux is shown in the SI (Fig. S1, Tables S3 and S4).  3 
 4 
2.3. Hybrid process design conditions 5 
2.3.1.  Conventional RO hybrid desalination processes 6 
 Fig. 2 shows the schematic layout for the MF-RO and UF-RO hybrid systems. The 7 
input data is presented in Table 2. The RO process was assumed to achieve 75% water 8 
recovery in both MF-RO and UF-RO given the relatively low TDS of the brackish feed water 9 
(TDS 1,000 ~ 10,000 mg/L) [34]. It is worth noting here that, the performance simulation of 10 
the MF-RO and UF-RO hybrid systems was conducted to treat the TDS of 2,491 mg/L with 11 
an osmotic pressure of 1.66 bar (see Table S1 in the SI). Due to relatively low feed water 12 
quality, it can be expected that the energy consumption of the MF-RO and UF-RO systems 13 
would be much lower than the conventional seawater treatment processes (i.e., 35,000 mg/L 14 
TDS). In addition, the specific data inventory of the operation stage for MF-RO and UF-RO 15 
were simulated using the membrane manufacturer specifications and ROSA software 16 
(Version 9.1, Filmtech Dow Chemicals, USA). The energy consumption and system design 17 
of the unit processes for each hybrid system were calculated from the known principles of 18 
hydraulic flow [14, 35, 36]. The specific energy consumption (SEC in kWh/m3) for each 19 
hybrid system was estimated from the feed pumping energy for all processes (MF, UF, and 20 
RO) and backwashing for MF and UF and chemical cleaning processes for RO and NF, as 21 






2.3.2.  FDFO-NF hybrid desalination process 1 
 Fig. 2 and Table 2 show the process layout diagram and the details of the hybrid 2 
FDFO-NF process. The FDFO-NF hybrid desalination process is fully described in Kim,et al. 3 
[37]. The 8040 FO membrane module average water flux data in Table 2 was derived from 4 
the long-term operational performance of the FDFO-NF hybrid system in our recent study [3], 5 
where two main advantages of the FDFO-NF hybrid process were observed. Flux decline 6 
caused by membrane fouling can be fully recovered simply by hydraulic or physical cleaning. 7 
This indicates that the FDFO process requires significantly low or no chemical cleaning, 8 
unlike other pressure-based membrane processes. Due to the high water quality obtained 9 
from the FDFO process (FO acts as pre-treatment to NF), chemical cleaning in the NF 10 
process can be significantly lowered in comparison to the RO process in MF-RO and UF-RO 11 
hybrid systems. It has to be understood here that the concentration of the diluted DS in the 12 
FDFO plays a significant role in NF energy consumption. The diluted fertiliser DS for the NF 13 
post-treatment process was 7,600 mg/L with an osmotic pressure of 3.64 bar (see Table S1 in 14 
the SI). Such concentration refers to brackish ground water quality as mentioned above. The 15 
operating conditions for the NF post-treatment can be similar to the low pressure RO post-16 







Fig. 2. Schematic diagram of hybrid desalination systems of (a) MF-RO (b) UF-RO and (c) 
FDFO-NF. N.B. P: Pump and HP: High pressure pump. 
 1 
Table 2 The hybrid process design conditions used in this study and the process simulation 2 
results.  3 
Design conditions Units MF-RO UF-RO FDFO-NF 
Microfiltration (MF)     
Feed flow rate m3/day 140,000   
Recovery  % 95   
Ultrafiltration (UF)     
Feed flow rate m3/day  148,000  
Recovery [14] %  90  
Reverse osmosis (RO)    
MF 
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Feed flow rate m3/day 133,000  
Recovery [38] % 75  
Product flow rate m3/day 100,000  
aSpecific energy 
consumption [36] kWh/m
3 1.25 1.36  
Fertilizer drawn forward osmosis (FDFO) 
Feed water: mine impaired water ≈ 0.06 M NaCl 
Draw solution: 1.89 M Ammonium sulphate [3] 
FS flow rate m3/day   220,000 
DS flow rate m3/day   43,000 
Recovery [32]  %   46 
Average flux (Jw,CTA)* LMH   3 
Average flux (Jw,TFC)* LMH   10 
Permeate flow m3/day   100,000 
Nano-filtration (NF)  
bFinal diluted fertilizer DS: 0.06 M Ammonium sulphate [3] 
Diluted DS flow rate 
(NF feed) m
3/day   143,000 
Recovery [39] %   70 
Product flow rate m3/day   100,000 
aSpecific energy 
consumption [36, 39] kWh/m
3   1.08 
a Specific energy consumption was calculated using the equation adopted from [36] and ROSA. 1 
b NF feed concentration refers to the concentration of the final diluted draw solution in the FDFO process.*CTA 2 
and TFC FO module area refers to 11.2 and 15.3 m2, respectively and the flux data is based on the field 3 
operation results. 4 
 5 
3. Results and discussion 6 
3.1. Environmental impact assessment of desalination hybrid systems 7 
 Identifying the most significant issues for each hybrid system is one of the main goals 8 
of an LCA interpretation phase. Fig. 3 presents the relative contribution analysis of the three 9 
hybrid systems for each of the six selected environmental impact categories obtained from 10 
the simulation input data presented in Table 2 (baseline input data). These results clearly 11 
show that electricity is one of the key factors in environmental impact for MF-RO and UF-12 
RO hybrid systems. In fact, electricity consumption accounts for more than 70% of the total 13 
impact in all categories, except for ozone depletion (OD) where the contribution was about 14 
30%, as shown in Fig. 3 (a). Membranes account for less than 30%, except in the OD 15 
category which is higher than 70%, and chemicals account for less than 5% of the total 16 





 Fig. 3 (a) shows that, for the FDFO-NF hybrid system, both the membrane materials 1 
and the energy consumption play a major contribution to the environmental impact. It is 2 
worth noting that the contribution of the TFC FO membrane materials was significantly 3 
lower than the CTA membrane because its higher water flux requires less membrane modules. 4 
Membranes constituted 40-90% of the impact for the FDFO-NF (CTA) hybrid system in all 5 
six categories, with a maximum of 90% for OD. This is mainly due to the amount of raw 6 
materials needed to manufacture the membrane modules, including their chemical production 7 
[14]. The contribution of membranes decreased to 20-85% when TFC FO membranes were 8 
used, which indicates that a significant reduction in both environmental and economic 9 
impacts could be achieved by improving the performance of the FO membranes. Energy still 10 
accounts for more than 50% of the impact in most categories (except OD and human toxicity, 11 
HT), although this is much lower than the energy component of the RO hybrid systems. 12 
 Fig. 3 (b) compares the relative contributions of the four hybrid systems in the six 13 
environmental impact categories of the three main assessment areas: membranes, electricity, 14 
and chemicals. These results clearly show that the FDFO-NF hybrid system has a lower 15 
relative contribution to environmental impact in all six impact categories for energy and 16 
chemical consumption than the RO hybrid for irrigation purposes. However, Fig. 3 (b) also 17 
shows that the environmental impacts of the FDFO-NF membranes are significantly higher 18 
because the low water flux of FO membranes signifies that more membrane modules are 19 
required to achieve the same water production. Using a TFC FO membrane with improved 20 
water flux can reduce the environmental impacts of the membrane of about 20% and 40% to 21 
all impact categories compared to a CTA FO membrane. 22 
 It has to be noted that assumptions regarding the chemical cleaning process slightly 23 
differ from the previous studies [14, 23]. In fact, chemical cleaning agents such as NaOH, 24 





membrane processes in the MF-RO and UF-RO hybrid systems. However, it was assumed 1 
(i.e. based on the results obtained in our long-term pilot-scale study) that the FDFO-NF 2 
system does not require chemical cleaning. Recent studies further demonstrated that physical 3 
cleaning was very efficient and easy to apply for practical FO operation [12, 40]. 4 
Nevertheless, it is known that effective cleaning strategies for FO process should be 5 
determined by its applications because this affects the techno-economic assessment of the FO 6 
process. Since the FDFO-NF hybrid system in this study has a low fouling potential and 7 
fouling reversibility, the lower chemical cleaning frequency significantly reduces its 8 
environmental impact. In fact, the environmental impact does not include discharge of 9 
cleaning chemicals to the environment and hence the advantage of the FDFO-NF system may 10 
be even more significant. Conservative life cycle assessment of FO hybrid systems including 11 
chemical cleaning for the FO process could be one of the important areas of future studies for 12 
full-scale FO implementation. Additionally, NaOH and HCl were assumed to be necessary 13 
for the NF process, but at a much lower cleaning frequency than in normal operations [3]. 14 
Besides, the physical conditions for the cleaning process were assumed to be fixed, and the 15 
effects of cleaning time and cross-flow velocity on the cleaning efficiency were assumed to 16 








Fig. 3. Relative contribution analysis of (a) three operational components for each hybrid system and 
(b) of four hybrid processes for three main components under six impact categories. FDFO-NF with 
CTA and TFC and an average water flux was around 3 and 10 LMH, respectively. Three operational 
components refer to membrane materials, electricity, and chemicals. 
 1 
3.2. Economic analysis: Operation expenditure (OPEX) 2 
 The results presented in Fig. 4 show the total OPEX cost along with its major cost 3 
components for each hybrid system. Fig. 4 (a) shows that the total OPEX cost per unit 4 
volume of product water was the highest for the FDFO-NF (CTA) hybrid system with AUD 5 
$0.81/m3, compared to the MF-RO and UF-RO hybrid systems with AUD $0.49/m3 and 6 





system does not appear to be an economically viable alternative for desalination compared to 1 
the existing RO hybrid technologies. However, the lowest total OPEX cost was obtained with 2 
the FDFO-NF (TFC) hybrid system at AUD $0.46/m3, indicating that the FDFO-NF hybrid 3 
system can be economically competitive if FO membranes with much higher water flux 4 
performances are used. This study, therefore, shows that using current TFC FO membranes, 5 
the unit OPEX cost of the product water from the FDFO-NF hybrid system is 5.3% lower 6 
than conventional MF-RO hybrid system and 14.3% lower than UF-RO hybrid system. 7 
 Fig. 4 (a) clearly shows the advantages of the FDFO-NF hybrid system in terms of 8 
energy consumption. Table 2 shows that the total energy consumption of the FDFO-NF 9 
hybrid was 1.08 kWh/m3, which is 13.6% lower than that of MF-RO (1.25 kWh/m3) and 21% 10 
lower than that of the UF-RO (1.36 kWh/m3) hybrid system. Energy forms the major cost 11 
component of the RO hybrid systems, relatively contributing up to 83.1% of the total OPEX 12 
cost compared to FDFO-NF (CTA) and FDFO-NF (TFC) which is only about 40.5% and 13 
71.8%, respectively. It may be noted that this energy consumption does take into account the 14 
quality of irrigation water produced from each hybrid system as mentioned earlier (less than 15 
1,000 mg/L based on the product water obtained during the field test of the FDFO-NF hybrid 16 
process) [3]. 17 
 Fig. 4 (b) shows a detailed cost analysis for the FDFO-NF hybrid systems to highlight 18 
the contribution of each process (FO and NF) separately. These results clearly show that the 19 
FO contribution of the energy consumption to the total OPEX cost is not significant (3.4% for 20 
CTA and 6.0% for TFC). However, FO membrane replacement costs contribute significantly 21 
to the OPEX cost with 55.1% for CTA and 21.4% for TFC. This indicates that the 22 
opportunity exists for the FDFO-NF hybrid system to further reduce OPEX costs by reducing 23 
the membrane replacement cost and the NF energy consumption. Previous studies [4, 14] 24 





modules can be significantly reduced by improving the performance of FO membranes. The 1 
energy consumed by the NF process could also be reduced by operating the process at 2 
optimum recovery rates due to its flexibility on recovery rates [39]. The sensitivity analysis 3 




Fig. 4. (a) Cost contribution analysis of three main operational components for four hybrid 
systems and (b) specific cost contribution analysis of FDFO-NF with CTA and TFC hybrid 
systems. MR, EC, and CC refer to the costs of membrane replacement, energy consumption, 
and cleaning chemicals. 
 6 





 Electricity and the cost of replacing membranes are the two major contributing factors 1 
to the OPEX cost of the FDFO-NF hybrid system (see Fig. 4). A sensitivity analysis was 2 
undertaken to assess those components and identify opportunities to further reduce the OPEX 3 
costs. The key parameters are the cost of the module, the average water flux of the FO 4 
membrane, and the recovery rate of the NF process. All the analyses assumed a plant capacity 5 
of 100,000 m3/day.  6 
 Logically, the two obvious ways to reduce membrane replacement costs are to reduce 7 
the cost of the membrane module or reduce the number of modules required. Cheaper 8 
modules may result from improvements in mass production, but the development of a market 9 
can take time. Reducing the number of modules can only come through drastic improvements 10 
in the average water flux of the whole FO membrane system, which contains several FO 11 
membrane modules connected in series. As the DS becomes more and more diluted along its 12 
length, water flux ultimately decreases. Hence, the average water flux is a significant 13 
parameter in estimating the number of membrane modules required, subsequently, their total 14 
replacement cost. Fig. 5 shows a sensitivity analysis of changes in module cost and average 15 
water flux. As expected, when the cost of a module decreases and the average water flux 16 
increases, the overall OPEX cost decreases for both FDFO-NF hybrid systems. However, 17 
membrane replacement costs are much higher in the FDFO-NF system, so the CTA and TFC 18 
membranes are discussed separately below.  19 
  Fig. 5 (a) shows the variations in the OPEX cost of the FDFO-NF (CTA) hybrid 20 
system with different 8040 CTA FO membrane costs and average water flux levels. At the 21 
cost of AUD $1,250 per module with an average water flux of 3 LMH, the unit OPEX cost of 22 
irrigation water is AUD $0.81/m3. At this price, FDFO-NF (CTA) is not economically viable 23 
compared to existing MF-RO and UF-RO hybrid systems. However, when the average water 24 





cost per unit decreases below AUD $0.53/m3, which becomes cost effective. Achieving such 1 
a significant improvement in water flux may be a major challenge for CTA FO membranes, 2 
as they are generally reported to have lower water permeability than TFC FO membranes 3 
[42]. 4 
 Lowering the cost of the CTA FO membrane module may be another way of reducing 5 
the OPEX cost of this system. At the same average water flux of 3 LMH, the FDFO-NF 6 
(CTA) hybrid system only becomes cost competitive when the cost of the CTA FO 7 
membrane module falls by at least 60% to AUD $500 per module. This would only be likely 8 
if the CTA FO market share significantly improves in the future [17].  9 
 As presented earlier in Section 3.2, FDFO-NF (TFC) is already cost effective 10 
compared to the MF-RO and UF-RO hybrid systems. Fig. 5 (b) shows how the change in the 11 
cost of TFC FO membranes and average water flux affect the unit OPEX cost of irrigation 12 
water in the FDFO-NF (TFC) hybrid system. Unlike for the CTA FO membrane, variations in 13 
these parameters do not seem to have a significant impact. For example, improving the water 14 
flux from 10 LMH to a threshold flux of 30 LMH [4] is not likely to significantly reduce the 15 
OPEX cost of the FDFO-NF (TFC) hybrid system, where membrane replacement only 16 
account for 21.4% of the OPEX compared to 55.1% in for the FDFO-NF (CTA) hybrid 17 
system (Fig. 4 (b)). However, there is a potential to improve the module water flux, and this 18 
could play a more significant role in further lowering the environmental impact of the FDFO-19 
NF (TFC) hybrid system. Recent publications have reported the fabrication of TFC FO 20 
membranes with a water flux at magnitudes 3 to 6 times higher than the CTA FO membrane 21 
[42-46]. Therefore, it is clear that opportunities to further improve the membrane and its 22 
performance exist, and this could make the FDFO-NF hybrid system more cost effective than 23 








Fig. 5. Unit OPEX cost of the FDFO-NF using (a) CTA and (b) TFC FO membrane modules 
as a function of FO average water fluxes and FO module cost variation (AUD$200-
AUD$1,500). Plant capacity 100,000 m3/day. The average flux (Jave.) of the FDFO-NF (CTA) 
refers to 3, 6, 8, and 25 LMH and that of the FDFO-NF (TFC) refers to 10, 11, 20, and 25 
LMH. 
 1 
 In a continuous closed-loop FDFO-NF hybrid system (see Fig. 2), the NF process is 2 
critical because it plays a significant role in both NF energy and FO membrane replacement 3 
costs [47]. Performing the NF process at a lower recovery rate decreases the driving force in 4 
the FO process (lower osmotic pressure of the DS) and increases FO membrane area 5 





can be increased by increasing the inlet DS concentration (i.e. increasing the NF recovery 1 
rate), the concentration cannot be increased beyond the NF process’s optimum recovery rate 2 
because the resulting increase in energy consumption will increase the OPEX cost of the final 3 
water. As a result, the determination of the optimum NF feed recovery rate must take into 4 
account the membrane replacement cost and the energy consumption.  5 
 Fig. 6 presents a comparison between the unit OPEX cost of water for the FDFO-NF, 6 
MF-RO, and UF-RO hybrid systems, given variations in the NF recovery rate. A simulation 7 
was carried out assuming SOA fertilizer as DS, NaCl as FS (refer Fig. 2), NaCl and SOA 8 
rejection rates of FO and NF membranes of 90% based on our recent study [47]. The NF 9 
recovery rate was varied from 50% to 97%. The OPEX cost of the FDFO process decreased 10 
rapidly with an increase in the NF recovery rates for both the CTA and TFC FO membranes 11 
and gradually increased above an 80% NF recovery rates. When NF is performed at a higher 12 
NF feed recovery rate, it produces a proportionately higher concentration of the recycled DS, 13 
which in turn increases the driving force of the FDFO process. This ultimately decreases the 14 
membrane area required and hence the unit OPEX cost of FO membrane replacement is 15 
reduced. However, operating the NF process at a higher recovery requires higher applied 16 
pressure which increases the energy cost of the NF process although the NF membrane 17 
replacement cost may slightly decrease. 18 
  Considering the combined OPEX costs of the FDFO and NF processes, the optimum 19 
NF feed recovery rate for the FDFO-NF (CTA) hybrid system was observed to be about 20 
89% with a unit OPEX cost of water of AUD $0.57/m3. The optimum NF feed recovery 21 
rate of the FDFO-NF (TFC) hybrid system, however, ranged between 75% and 91% with 22 
a unit OPEX cost of water at about AUD $0.40/m3. Even at the optimum NF feed 23 
recovery rate, the FDFO-NF (CTA) hybrid system remained less cost effective than 24 





found to be more cost-effective than the RO hybrid systems over a wide range of NF feed 1 
recovery rates (75-91%). Increasing NF feed recovery rates above the optimum rate 2 
increases energy costs, and lowering it below the optimum rate significantly increases 3 
membrane replacement costs. For example, if NF in the FDFO-NF (CTA) hybrid system 4 
is performed at a lower feed recovery rate of 75%, the unit OPEX cost of water increases 5 
to AUD $1.20/m3 from AUD $0.58/m3 at the optimum rate of 89%. Likewise, the unit 6 
OPEX of the FDFO-NF (TFC) system increases to AUD $0.49/m3 (at 75% NF recovery 7 
rate) from AUD $0.41/m3 at the optimum recovery rate (at 84% NF recovery rate). At this 8 
unit OPEX costs, the FDFO-NF hybrid system is not cost competitive compared to the 9 
conventional RO hybrid systems and the unit OPEX cost of water only increases if the 10 
NF process is performed above than the optimum recovery rates. This sensitivity analysis, 11 
therefore, shows that potential exists for making the FDFO-NF hybrid system more cost 12 
effective compared to conventional RO hybrid systems for the desalination of saline 13 
water. It has to be noted here that capital costs for a high-pressure RO hybrid system 14 
could be higher than those for a lower pressure FDFO-NF hybrid system due to the costs 15 
for high-pressure pumps, piping, valves, and fittings. This part would be considered as 16 







Fig. 6. Sensitivity analysis of FDFO-NF (CTA and TFC) OPEX costs as a function of NF 
process recovery rates. The FO module cost was assumed to be $1,250/module in 2016, and 
the average FO water fluxes were estimated based on the closed-loop mass-balance 
simulation of the FDFO-NF hybrid system. 
  1 
4. Conclusions 2 
 This study outlined the results of a comparative environmental life cycle assessment 3 
and economic analysis for desalination of mine impaired saline water for irrigation purpose. 4 
The FDFO-NF hybrid system was compared to conventional MF-RO and UF-RO hybrid 5 
systems with the following conclusions drawn: 6 
 Environmental LCA results showed that, compared to conventional RO hybrid systems, 7 
the FDFO-NF hybrid system using TFC FO membrane had the lowest overall 8 
environmental impact in both energy consumption and use of chemical cleaners. 9 
 The FDFO-NF hybrid system consumes less energy than the RO hybrid system in 10 
irrigation water production. The total energy consumption of the FDFO-NF hybrid system 11 
was estimated at 1.08 kWh/m3, which is 13.6% lower than the MF-RO system and 21% 12 
lower than the UF-RO hybrid system. 13 
 The unit OPEX cost of producing FDFO-NF water using a TFC FO membrane was 14 





system at AUD $0.49/m3 and the UF-RO hybrid system at AUD $0.54/m3. However, 1 
when using a CTA FO membrane, the FDFO-NF hybrid system had a per unit OPEX 2 
water cost of AUD $0.81/m3 which is not cost effective. The energy was found to be the 3 
highest cost component of the RO hybrid systems, whereas membrane replacement costs 4 
are the highest in the FDFO-NF hybrid systems.  5 
 FDFO-NF with TFC membranes showed the lowest relative environmental impact 6 
compared to all other hybrid systems. 7 
 The sensitivity analysis indicated that the FDFO-NF hybrid system using an 8040 CTA 8 
FO membrane module is only cost competitive when its module average water flux 9 
reaches 8 LMH or, alternatively, if the cost of the CTA FO membrane could be reduced 10 
by about 60%.  11 
 The optimum feed recovery rate of the NF process using a TFC FO membrane was 75-12 
92%, which resulted in the lowest unit OPEX water at AUD $0.41/m3 at 84%. At the 13 
optimum NF recovery rate of 89%, the unit cost of water using a CTA FO membrane was 14 
AUD $0.57/m3 which is still not cost competitive compared to conventional RO hybrid 15 
systems. 16 
 Results of this study clearly show that there are some positive potential of the FDFO-NF 17 
for the practical application if incorporating higher reverse flux selectivity FO membrane 18 
(i.e., TFC FO) and lowering the FO membrane module cost for the FO process. However, 19 
FO membrane studies at modular level are still limited and thus its detailed study 20 
including fouling behaviors and effective cleaning strategies needs to be further 21 
conducted. Based on this study, further study will demonstrate module arrangement and 22 
pressure behavior at modular level of the FO process thus improving economic 23 
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